Abstract-Partial shadowing of photovoltaic systems can overproportionally reduce the energy yield and lead to early ageing and failure of the shadowed cells. Large area shadows are relatively easy to detect due to the eminent power reduction and decrease of fill factor. However, small area partial shadows in a larger system do not have a very obvious effect on the output power or fill factor of the PV array and can remain undetected, leading to failure. In this paper a method for detecting small area partial shadows, based on equivalent thermal voltage, is presented. A simplified expression of the equivalent thermal voltage is proposed, which increases the robustness against measurement errors and model limitations at low irradiation conditions. Experimental results confirm the high sensitivity of the method even to a relatively small area shadow, while showing very good robustness against increase in series resistance.
I. INTRODUCTION
Diagnostics of photovoltaic systems is gaining importance as an additional tool to increase the energy production of the PV system; they work by warning the user about failures or high failure risks, thereby minimizing the time interval with reduced or no power production. Diagnostics generally involve performance monitoring, while keeping track of some key parameters of the module/array, which would reflect changes in the PV generator's health state [1] - [3] . For diagnostic purposes, the main goal generally is to detect if there has been a change in these parameters.
It is well-known that partial shadowing of photovoltaic arrays can overproportionally reduce the system's output power. It has been identified as a major reason for reducing the energy yield of grid connected photovoltaic systems [4] .
The problem of partial shading has been extensively treated in the literature, on one hand as a cause of hot-spot formation and cell damage, and, on the other hand, with the utilization of bypass diodes, as a cause of power loss due to average irradiation reduction and mismatch losses [5] - [12] As presented in [4] , in the German 1000-Roofs-PVProgramme that was started in 1990, partial shadowing of PV arrays turned out to be one of the main reasons for the reduction in energy yield [13] , [14] .
From a diagnostic point of view, it is of particular interest to detect such events, first of all because a failure of one or more cells generally means reduced or no power production of those cells, and therefore the entire submodule, protected by the same bypass diode. A partial shadow has a very similar effect on the module output, and therefore its continuous detection may indicate a failure, e.g. a discoloration of the covering plastic sheet (see Table I ).
Secondly, if a single cell from a block of bypass-diode protected series connected cells is covered, it will become reverse biased, and act as a load, burning most of the energy produced by the rest of the cells. Although the number of cells per bypass diode is generally selected such that the cells will be protected from reverse breakdown, a cell continuously exposed to these conditions will age and eventually fail faster.
From the point of view of the MPPT, partial shadows can create multiple peaks on the P − V curve, thus making it difficult to identify the optimum operating point.
II. DETERMINATION OF THE EQUIVALENT THERMAL

VOLTAGE
For diagnostic purposes, the simple four-parameter model can be used, with the aim of finding analytical solutions for the parameters, suitable for online calculations. The purpose of this model is to post process the measured I − V curve, calculate certain parameters (as described in the following), and to make an estimation of the module or array state of health from the deviation of these parameter from some predetermined values, e.g. those based on datasheet data or reference measurements. The model is not intended to be able to reproduce the measured I − V curve, (which could have a complicated shape depending on partial shadowing, discoloration of the protective plastic sheet, etc.), and therefore it can be kept simple. It should be emphasized that, as the model is a simplified one, the accuracy of the determined parameters is not as high as in case of a more detailed model.
The general expression of the photovoltaic panel's current as a function of voltage, using the four-parameter model can be expressed as in Eq.(1):
For calculating the panel's parameters, some simplifications to (1) have been made. As the dark saturation current in silicon devices (compared to the exponential term) is very small, the term '−1' can be neglected [17] . Another simplification, which has been made in order to obtain relatively simple and treatable equations approximates the photo-generated current I ph with I sc (I ph ≈ I sc ). It is common practice to ignore the difference between the photo-generated current and the shortcircuit current, as it is generally very small [12] , [18] - [21] .
In this case (1) becomes:
The calculation of the parameters in the following are based on (2) . Using the simplification above, the four-parameter model can be reduced to a three-parameter one, with the number of equations and unknowns reduced to three, making the entire calculation relatively straightforward.
The following equations give the expression of the panel current on two of the three main points of the I-V characteristic: (the equation at short-circuit has been canceled due to
At open-circuit conditions:
and the current at MPP (I mp ) has the following form:
In the third equation, the well-known relation of the derivative of the power with voltage at M P P is used: Decreased F F Rs -module/array series resistance,
The above equation can be expanded as follows:
(6) which leads to the following:
Considering the fact that I(V ) is a transcendent equation, and I = f (I, V ), the derivative of current with voltage can be expressed as:
and therefore:
Therefore, collecting Equations (3), (4) and executing the derivatives in (9), the three equations, forming the equation system for finding the panel model parameters, become:
Solving the above system of equations will result in the solution for I 0 , R s , and V t as follows:
which contains only parameters given in the product datasheet or that are directly measurable.
In order to obtain a simpler result for V t , an additional simplification can be done when differentiating the power with voltage at MPP. Instead of using Eq. (9), which takes into account that I = f (I, V ) (as I(V ) is transcendent), a simpler formula is used, which disregards at the derivation that I = f (I, V ). In other words, the first term on the right side of (8) is disregarded. Equation (4) can be revisited, multiplied with V mp (in order to obtain P mp ), and simply differentiated with V mp . This results in:
Inserting the expression of R s from (12) into the above equation results in:
Solving the above for V t , results in the very simple expression:
The above formula gives a reasonable approximation precision, while avoiding the calculations of logarithmic functions, offering a simpler formulation for V t , and at the same time decreasing the sensitivity to measurement errors of I sc and I mp when the difference between them is small, i.e. at low irradiation conditions.
In order to verify the validity of this simplification, simulations results using expressions (11), (12) , and (13) as well as the simplified parameters based on (16), have been compared to experimental data ( Fig. 1 and 2 ). In Fig. 2 can be seen the fitting errors produced by the models using normal and simplified formulation of parameters when compared to experimental measurements.
As is shown in Fig. 3 , in most conditions the parameters found by the simplified expression provide fitting quality similar to those calculated starting with Eq. (13), with even smaller fitting errors in some cases.
Although the fitting error increases as the irradiation decreases, it remains relatively low for both parameter sets (Fig. 3) .
The parameters determined in this section were not calculated with the purpose of finding the corresponding physical parameters of the photovoltaic module or cell, e.g. series resistance, dark saturation current or thermal voltage. In this context these values are treated as parameters of an exponential function, which has to fulfill the conditions given by (3), (4), and (5).
Conclusions regarding the state of health of the module can be made by comparing them to reference values, determined based on a controlled measurement, where the conditions of the measurement e.g. irradiation, temperature, partial shadowing are known, or datasheet values.
III. PARTIAL SHADOWING DETECTION BASED ON THERMAL VOLTAGE MONITORING
Shadowing part of a PV panel creates a deviation of its I − V curve from the normal characteristic. Depending on the area, intensity, and position of the shadow in respect to the bypass diodes, it creates different shapes of the I − V curve (Fig. 4) . (c) Fig. 1 . Measured and simulated I − V curves of three crystalline silicone panels, the BPMSX120 [22] (a), the SM55 [23] (b), and the SE50SPH [24] , (c). 'Simulated1' has been created with single diode simple model using the parameters as calculated in Eq (11), (13) and (12), while 'Simulated2' has been created using the same model with the simplified expression of Vt (and consequently Rs), according to (16) . Area fitting errors for three modules, when using the normal and simplified formulation of the parameters (measurements taken in high irradiation conditions). (c) Fig. 4 .
Measured I-V curves of a BPMSX120 module under different shadowing conditions, normalized to the same irradiation. For the sake of clarity, 4(a) has been repeated on 4(c) showing the curves in the vicinity of short-circuit current. The simplified form of the thermal voltage expression (Eq. (16)) suggests that changes in the module M P P current (I mp ) relative to its short-circuit current, as well as changes in V mp have direct impact on the value of V t . Indeed, the experimental measurements (Fig. 5) indicates that V t shows substantial sensitivity, even to a relatively small partial shadow, e.g. the ones presented on Fig. 4(a) .
During high irradiation conditions, the simple fourparameter model exhibits good fitting with experimental measurements and therefore the partial shadowing condition can be detected solely based on the value of the calculated V t . Confronting Fig. 5 with Fig. 4 , it can be observed that partial shadows corresponding to 4(a) produce an increased V t , while partial shadows corresponding to 4(b) will strongly decrease the value of V t . This property can be explained by the change of the M P P relative to the ideal coordinates (V mp and I mp ), which is reflected by V t , and it provides additional information about the type of the shadow. This method of partial shadow detection shows robustness against changes in series resistance (see Fig. 6 ).
However, during low irradiation conditions, the sensitivity of the method decreases due to the restrictions of the model Fig. 7 . Partial shadows on the BPMSX120 panel for experimental measurements used to create the characteristics on Fig. 4 . The photo on (a) shows 'Dirt 1', which is a round white spot of ≈ 10cm 2 in the middle of a cell, on (b) the same spot is between two adjacent cells, covering parts from both of them ('Dirt 2'), while on (c) the spot is at the meeting points of four cells, corresponding to 'Dirt 3'. The photo on Fig. 7(d) shows the shadowing of two cells, which belong to two different bypass diode protected submodule,('PS 1 Cell 2 Blocks') while (e) shows the shadowing of two cells within the same submodule ('PS 2 Cells 1 Block').
used to calculate V t . As it is shown on Fig. 8 , the thermal voltage exhibits a dependency on the irradiation, showing an increasing value as the irradiance falls. Therefore, at irradiations below 40-50% of STC, the increased value of V t can trigger a false positive for partial shadows like 'Dirt 2' and 'Dirt 3' on Fig. 4(a) . Nevertheless, partial shadowing, such as the ones presented in Fig. 4(b) produce a strong decrease of V t , together with a decrease of fill factor, thereby their presence can be detected also at low irradiation conditions using the above method.
IV. CONCLUSIONS
A diagnostic function, aimed at detecting partial shadowing based on thermal voltage monitoring is proposed in this paper. The method enables the detection of partial shadows with good sensitivity, while keeping strong robustness against changes in the panel's series resistance. A simplified expression for the equivalent thermal voltage has been proposed, which avoids the logarithmic calculations and therefore decreases the errors introduced at low irradiation conditions. The weak point of the method is that its sensitivity decreases in low irradiation conditions. (b) Fig. 8 .
Deviation of the thermal voltage from its normal value versus irradiance, normalized to the value calculated from the measurement at the highest irradiation. 'Simulated 1' represents Vt calculated based on (13), while 'Simulated 2' denotes the thermal voltage according to (16) The data points are the results of 15 consecutive measurement in the same conditions, and the vertical bars denote the standard deviations of the results over the set of measurements.
